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ABSTRACT
We present a catalog of 531 white dwarf candidates that have large apparent transverse motions
relative to the Sun (vT > 200 km s
−1), thus making them likely members of the local Galactic
halo population. The candidates were selected from the Gaia Data Release 2, and are located in a
great circle with 20◦ width running across both Galactic poles and Galactic center and anti-center,
a zone that spans 17.3% of the sky. The selection used a combination of kinematic and photometric
properties, derived primarily from Gaia proper motions, G magnitudes, and GBP − GRP color, and
including parallax whenever available. Additional validation of the white dwarf candidates is made
using PanSTARRS photometric (gri) data. Our final catalog includes not only stars having full
kinematic and luminosity estimates from reliable Gaia parallax, but also stars with presently unreliable
or no available Gaia parallax measurements. We argue that our method to select local halo objects
with and without reliable parallax data leads us to rounding up all possible halo white dwarfs in the
Gaia catalog (in that particular section of that sky) with recorded proper motions > 40 mas yr−1, and
that pass our vT > 200 km s
−1 threshold requirement. We expect this catalog will be useful for the
study of the white dwarf population of the local Galactic halo.
Keywords: white dwarfs — catalogs — proper motions — Galaxy: halo
1. INTRODUCTION
The identification of local stars from the Galactic halo
population is an important tool to trace back the his-
tory of the Milky Way because halo stars are known to
include the oldest stars of all the dynamical populations
in the Galaxy (Carollo et al. 2016; Kalirai 2012). Since
the early 2000s, several big data survey operations suc-
cessfully provided general schemes for the distribution
and properties of Galactic halo stars (Juric´ et al. 2008;
Bond et al. 2010; Lisanti et al. 2015). However, those
studies usually focus on the most luminous objects in
the halo - like red giants and supergiants - due to the
inevitable limitation of telescope capacities, even as we
know that low-mass stars and white dwarfs must be by
far the dominant objects in this very old population, and
thus are the key to accurately map out and understand
the Galactic halo.
Corresponding author: Bokyoung Kim
bkim@astro.gsu.edu
Due to their low intrinsic brightness, low-mass stars
and white dwarfs in the halo remain generally out of
range of current all-sky surveys, except in the Solar
vicinity (d < 100 − 200 pc). Within that relatively
close range, halo stars are significantly outnumbered
by Galactic disk stars, and their identification thus re-
mains challenging. Their low spatial density also means
that statistically significant samples of local halo objects
must consist of stars that are significantly fainter on av-
erage than comparably large samples of disk stars from
within the Solar neighborhood (d < 25− 50 pc).
In general, stars in the local halo population have
higher spatial velocity relative to the Sun, compared to
that of the disk population, which makes it possible to
identify them as high proper motion stars. A case study
for halo white dwarfs is the recent attempts to identify
them among faint blue stars with large proper motions.
These searches were motivated by the idea that white
dwarfs may be a dark matter candidate due to their low
absolute magnitudes but relatively high masses, prompt-
ing attempts to measure the local density of halo white
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dwarfs. After a search for high proper motion stars at
high Galactic latitudes, Oppenheimer et al. (2001) re-
ported 38 halo white dwarfs, which were suggested to
represent the local population of halo white dwarfs.
However, these results have been subject to debate.
Reid et al. (2001) argued that 75 % of the white dwarf
candidates in Oppenheimer et al. (2001) are not halo
members but rather are part of thick disk populations
with high rotational velocity. Bergeron et al. (2005) also
argued that most halo white dwarf candidates reported
by Oppenheimer et al. (2001) appear to be too warm
and young to be part of halo populations unless their
progenitors were low-mass main-sequence stars. In the
wake of this debate, several attempts were made to iden-
tify true local halo white dwarfs based on more extreme
kinematics (Le´pine & Shara 2005; Eisenstein et al. 2006;
Kleinman et al. 2013; Dame et al. 2016; Munn et al.
2017).
Since Gaia Collaboration et al. (2018b) released their
second data set in early 2018, it has become possible to
analyze detailed structures in the color-magnitude dia-
gram (CMD). These astonishing results from Gaia Col-
laboration et al. (2018a) reveal unprecedented views of
the color-luminosity distribution of nearby white dwarfs,
and a catalog of ∼ 70,000 Gaia white dwarfs with accu-
rate and reliable parallaxes was presented by Jime´nez-
Esteban et al. (2018). In addition, Kilic et al. (2019)
have recently reported the identification of 142 halo
white dwarfs from Gaia DR2. They presented cooling
ages for these white dwarfs based on a model atmo-
sphere analysis using photometric and parallaxes data
and complemented with a spectroscopic analysis of some
objects. As a result, they argued that the age of the in-
ner halo is consistent with the measurements of the ages
of Galactic globular clusters. Because of the relatively
small numbers found, one question is whether additional
halo white dwarfs can be identified among the faintest
objects in the Gaia catalog. Brown et al. (2020) have
also recently reported 98 double white dwarf binaries
from the Extremely Low Mass (ELM) survey, and iden-
tified 22 ELM white dwarfs in the Galactic halo on the
basis of their UVW velocities.
The surest way to unambiguously place a star in the
halo is to have its full spatial motion, which requires an
accurate measurement of the star’s parallax and proper
motions, and also its radial velocity. Gaia DR2 provides
radial velocities for ∼ 7.2 millions stars, but only for
relatively brights sources, which excludes most of the
white dwarf candidates. Parallax and proper motion
alone only provide a projection of a star’s motion in the
plane of the sky, but this can be used in specific cases
to evaluation population membership, depending on the
star’s location on the sky, which determines the plane of
projection. Local halo white dwarfs, however, tend to be
too faint to even have reliable parallaxes in Gaia DR2.
Gaia Collaboration et al. (2018b) reported a mag-
nitude limit of G ∼ 19 for accurate parallax deter-
mination. Therefore, parallaxes of stars below that
magnitude limit will have unreliable projected velocity
measurements at best. To make things worse, white
dwarfs with unreliable parallaxes cannot be unambigu-
ously identified from their location in the CMD. As it is
highly risky to rely on only parallaxes for finding halo
white dwarfs, proper motion measurements must take
a more prominent role. Samples of stars with reliable
Gaia proper motions can go more than 1 or 2 magni-
tudes deeper than those with reliable parallax measure-
ments. While at the faint end stars don’t have precise
Gaia parallaxes, it is still possible to use proper motion
and magnitude information alone, under certain condi-
tions to identify halo white dwarfs and analyze their
kinematics.
The goal of this paper is to compile the most extensive
list of local halo white dwarf candidates from the local
Galactic halo population, in an area covering 17.3% of
the sky that is most appropriate to the identification of
halo white dwarfs from proper motion data. In §2, we
describe our algorithm for identifying halo white dwarf
candidates from Gaia DR2. The list of candidates and
further discussion about the white dwarf candidates in
the Galactic local halo is described in §3 and §3.5. We
summarize our arguments and suggest possible future
work in §4.
2. DATA AND METHODS
2.1. Gaia DR2 Subset with High Proper Motions
We first extracted and assembled a Gaia subcatalog
containing ∼ 5.8 million stars with reported high proper
motions (µ > 40 mas yr−1). As seen in Figure 1, those
stars show relatively uniform spatial distribution on the
sky, consistent with a local stellar subset. Next, we elect
to focus on stars located near a great circle with a width
of 20◦, crossing over both Galactic poles and the Galac-
tic center and anti-center. About 1.8 millions stars are
collected from the sample selection area, shown as the
darker area in Figure 1. Choosing stars along this great
circle is the first step to catch halo stars showing large
asymmetric drift because one of the proper motion com-
ponents of the stars within this area of the sky runs par-
allel to the direction of the Sun’s rotational motion in
the Galaxy (V‖). We will discuss this in §2.2 in more
detail.
2.2. Coordinate Conversion
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Figure 1. Spatial distribution of the subset of 5.8 million high proper motion stars in Gaia (µtot > 40 mas yr
−1). Darker area
shows the subsample selected for this study, which consists of all stars falling along the great circle with a width of 20◦ passing
across both Galactic poles and the Galactic center and anti-center.
Gaia DR2 not only provides distance information, but
also gives us kinematic information from the combina-
tion of parallax and proper motion, yielding transverse
velocities. These transverse velocities provide only par-
tial (i.e. plane of the sky) kinematic information how-
ever, and must be used with caution unless we use well-
defined subsets in specific areas on the sky: one example
is the use of a great-circle subset. With an appropriate
choice of great circle, one can measure the component of
motion of a set of stars in one particular (U, V, W ) direc-
tion in velocity space. This is because when you select
stars along a great circle, one of the proper motion com-
ponents for every stars - the component perpendicular to
the great circle itself - is pointing in a specific direction.
If you can calculate the proper motion component per-
pendicular to the circle, that component will thus to the
same projected motion for all the stars. For example,
transverse velocities in the Galactic longitude direction,
vT,l, of stars in the darker area of Figure 1 generally
point in the direction perpendicular to the great circle,
which is in the parallel direction of the apex/antapex
of the Sun’s orbital motion in the Galaxy (component
V‖). On the other hand, transverse motions in Galac-
tic latitude direction, v(T,b), which point in a direction
parallel to the great circle, can be interpreted as one of
the components of motion running perpendicular to V ,
which we will denote V⊥ but which represents a specific
combination of the U and W components of motion, dif-
ferent for every star on the great circle.
The above description is however an oversimplifica-
tion because the component of proper motion µl along
Galactic longitude is not in fact everywhere perpendicu-
lar to the great circle, especially for stars at high Galac-
tic latitude (b > 70◦). To determine the component
of proper motion that runs perpendicular to the great
circle, we introduce a coordinate system (r, s) that is
tilted 90 degrees from the Galactic coordinate system.
We simply convert all positions and proper motions us-
ing the following procedure: (a) We convert the posi-
tions and proper motions of all stars from 2-D Galactic
coordinates, (l, b), into Galactic Cartesian coordinates,
(x, y, z) (Equation 1). (b) We apply the rotation matrix
to those position vectors (Equation 2), and then (c) cre-
ate the new coordinates (r, s) by restoring the position
vectors of stars into the 2-D sky grid (Equation 3).
xi = cos l cos b
yi = sin l cos b
zi = sin b
µxi = −µl sin l − µb sin b cos l
µyi = µl cos l − µb sin l sin b
µzi = µb cos b
(1)
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xfyf
zf
 =
1 0 00 0 −1
0 1 0

xiyi
zi
 =
 xi− zi
yi

µxfµyf
µzf
 =
1 0 00 0 −1
0 1 0

µxiµyi
µzi
 =
 µxi−µzi
µyi

(2)
r =
yf > 0.0, r =
arccos xf
cos(arcsin zf )
yf ≤ 0.0, r = 360◦ − arccos xfcos(arcsin zf )
s = arcsinxf
µr = −µxf sin r + µyf cos r
µs = −µxf sin s cos r − µyf sin r sin s+ µzf cos s
(3)
(d) Finally, we can calculate the transverse motions
from the general equation vT = 4.74 × µ × d where µ
is the proper motion in arcsec yr−1 and d is the dis-
tance (or distance estimate) in parsecs. Systematic er-
ror in the transverse velocity is ∓3.27 km s−1, assuming
Gaia systematic proper motion errors of ±0.02 mas yr−1
and a parallax zero point of −0.029 mas (Arenou et al.
2018; Lindegren et al. 2018). Note that stellar motions
in s direction, for stars in the great-circle subset, ap-
proximately run parallel to the Galactic rotational ve-
locities, V‖, while those in r direction approximately
correspond to a combination of U and W velocities,
which we call V⊥. Therefore, we calculate for each star
V‖ = 4.74× µs × d, and V⊥ = 4.74× µr × d.
2.3. Subsets for the White Dwarf Search
The above discussion assumes that accurate proper
motions and parallaxes are available, which is not always
the case. Here we define two general subsets of differ-
ent data quality that we call the clean subset (Set “A”)
and the unclean subset; we further subdivide the unclean
subset into three different subsets (Sets “B”, “C”, and
“D”). In this study, we neglect reddening corrections
which in normal cases can heavily affect colors and pho-
tometric distances, notably in the blue color regime typ-
ically used for white dwarfs. We believe reddening has
relatively minor consequences for our particular subset
because 1) the mean distance of our white dwarf candi-
dates from Gaia parallaxes is 240 pc, 2) most stars we se-
lected are located above the Galactic plane, and 3) stars
near the Galactic center (|b| ≤ 20◦) that can be severely
affected by the reddening are mostly rejected from the
selection (see §2.3.2). Andrae et al. (2018) reported that
the true reddening in high galactic latitude (|b| > 50◦)
are almost near zero. Although the recent studies about
3D interstellar dust maps (Chen et al. 2019; Lallement
et al. 2019) reported the presence of some complex dust
structures within 500 pc, those structures are mostly
concentrated around near Galactic center or anti-center
within the low galactic latitudes.
2.3.1. Set A: Clean Subset
To assemble the clean subset (also called “Set A”),
we partially applied Selection A, B, and C criteria
introduced by Gaia Collaboration. Lindegren et al.
(2018) guided Gaia users interested in assembling sub-
sets of stars with reliable parallaxes, through a gen-
eral procedure for cleaning up stars with bad astro-
metric and photometric measurements. They recom-
mended to check uncertainties in the parallax measure-
ments, uncertainties in fluxes of Gaia BP and RP fil-
ters, the re-normalized unit weight errors (RUWE)1, and
GBP − GRP color excess factors (E). The selection cri-
teria we applied in this study to assemble Set A is the
following:
1. pi > 0.0
2. −3.0 ≤ GBP − GRP ≤ 6.0
3. 10 ≤ G ≤ 21
4. σ(FBP)/FBP ≤ 0.10
5. σ(FRP)/FRP ≤ 0.10
6. RUWE < 1.40
7. 1.0 + 0.015(GBP−GRP)2 < E < 1.3 + 0.06(GBP−
GRP)
2
We do not apply any cut based on parallax measure-
ment errors, which means that some stars in our catalog
could have large parallax uncertainties. This however
has the advantage of not introducing a distance bias in
our sample, and also allows us to keep stars that may
not have reliable parallaxes but that have precise proper
motions. This approach is supported by Gaia Collabo-
ration et al. (2018a) who reported that most Gaia stars
with G ≤ 18 have more reliable proper motion measure-
ments compared to their parallax measurements. After
using above selection cuts, 1,255,151 high proper motion
stars are included in Set A.
1 The re-normalized unit weight error (RUWE)= u/u0(G,C)
(Gaia Technical Note: GAIA-C3-TN-LU-LL-124-01, https://
www.cosmos.esa.int/web/gaia/dr2-known-issues)
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2.3.2. Set B: Unclean Subset with Gaia Parallaxes and
GBP − GRP Colors
A limitation of using only Set A is that we lose ∼ 40%
of all the high-proper motion stars in our initial sam-
ple. Although these rejected stars may have bad flux
measurements, their proper motions are, in general,
sufficiently reliable to be used for kinematic selection
and analysis. Therefore, we build another subset from
the stars that were filtered out in the Set A selection
(above), but with the requirement that the star must
have at least a positive Gaia parallax value and a rea-
sonable GBP − GRP color value for a nearby star (i.e.
colors in the range −3.0 ≤ GBP − GRP ≤ 6.0).
The difference between Sets A and B is that stars in
Set B potentially have large parallax and magnitude un-
certainties, which may affect their distribution in the
RPM and CMDs (see right panels in Figure 2). Due to
lower data quality, white dwarf candidates identified in
Set B may include more false positives than those from
Set A. In particular, there is a higher chance of false
positives near the Galactic center, the most crowded re-
gion on the sky, where Gaia has notoriously been expe-
riencing problems in accurately measuring astrometric
and photometric parameters for field stars (Arenou et
al. 2018; Lindegren et al. 2018). Thus, we are excluding
stars near the Galactic center in Set B (|b| ≤ 20◦) in
order to minimize contamination from photometrically
bad sources, and this condition is applied for Sets C
and D as well. After applying these cuts, our “Set B”
contains 522,760 stars in total.
2.3.3. Set C: Unclean Subset with No Gaia Parallaxes
Some Gaia stars cannot even be included in Set B
because some of them have negative Gaia parallaxes,
or others don’t even have any parallax measurements
reported in Gaia . These stars must, however, have re-
ported Gaia proper motions (from our initial µ ≥ 40
mas yr−1) and GBP − GRP color values, which is suf-
ficient to place them in the RPM diagram (see Section
§2.5) and identify white dwarfs. We call this group of
stars without Gaia parallaxes “Set C”. Stars near the
Galactic center are excluded from the subset due to the
same reason mentioned in §2.3.2 above. This subset in-
cludes 42,764 stars in total, all having relatively “prim-
itive” data in Gaia DR2, compared to stars from Set A
and B. These stars will hopefully get more complete and
accurate measurements in later Gaia data releases.
2.3.4. Set D: Unclean Subset with No Gaia Colors
Our final subgroup, or “Set D”, contains 28,476 stars
in total, which have proper motions but no GBP − GRP
color measurements reported in DR2. As for Sets B and
C, this set again excludes stars near the Galactic cen-
ter. Many stars in Set D can have a negative parallax
value, or have Gaia G magnitude. Since they don’t have
Gaia color measurements, we cannot use Gaia photo-
metric data to select white dwarf candidates. However,
we still have the opportunity to identify white dwarfs in
Set D by obtaining reliable color data from other pho-
tometric catalogs, like PanSTARRS . We are going to
revisit this subset at the end of this paper (See Section
§3.5), first focusing on the identification of white dwarfs
in Sets A, B, and C.
2.4. Identification of White Dwarfs with
Gaia Parallaxes (Sets A and B)
We first use a reduced proper motion diagram (RPM
diagram) which is especially useful for the identification
and classification of various local stellar populations like
young disk, old disk, and halo; see for example Le´pine &
Shara (2005). The reduced proper motion (labeled H)
is interpreted as the combination of photometric and
kinematic information, but is simply calculated from a
star’s apparent magnitude and proper motion, e.g.:
HG = G+ 5 logµtot + 5 (4)
The reduced proper motion can be expressed in terms
of the absolute magnitude (M) and transverse motion
(vT ) of a star:
HG = MG + 5 log vT + 1.621 (5)
if vT is expressed in km s
−1. Therefore, stars with
higher reduced proper motions must have higher trans-
verse velocities if they have the same absolute magni-
tudes. Due to this characteristic, halo populations which
usually have higher spatial velocities are clearly sepa-
rated out from disk populations in the RPM diagram.
The RPM diagram was shown to be an especially use-
ful tool in searching for nearby white dwarfs by Limo-
ges, Le´pine, & Bergeron (2013). This is because white
dwarfs have fainter absolute magnitudes compared to
any other stellar populations in the Galactic disk or
even halo. Therefore, the locus of white dwarfs is at
the bottom-left in the RPM diagram, and clearly dis-
tinct from the loci of the two main-sequence disk and
halo populations, as for example in the upper panels in
Figure 2, which shows the RPM diagrams of Set A and
B, respectively. In the diagram for Set A, we define an
empirical color-RPM cut, shown as a red-dashed line,
that efficiently separates the halo main-sequence stars
and white dwarfs, which follows the linear equation:
[HG]lim = 4.94(GBP −GRP ) + 12.91 (6)
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Figure 2. RPM diagrams (top) and CMDs (bottom) for high proper motion stars from the clean subset (Set A; left) and for
high proper motion stars from the unclean subset that have Gaia parallaxes (Set B; right), respectively. We defined an empirical
color-RPM cut for the white dwarfs in the RPM diagram of Set A to select white dwarfs candidates (blue points). Red-dashed
lines in both RPM diagrams show our primary empirical cut between main-sequence stars and white dwarfs. We use a secondary
cut to filter white dwarf candidates based on their distribution in the CMD (bottom panels), based on the locus of white dwarfs
in the CMD of Set A. The finalized white dwarf candidates are shown as yellow points in each CMDs.
This cut is simply defined by the density distribu-
tions of halo main-sequence stars and white dwarfs in
the CMD. We drew GBP − GRP histograms in each
of 10 reduced proper motion bins, obtained inflection
points (minima) of the overall number distribution, se-
lected the median GBP − GRP value where the number
of stars are nearly zero, then performed a 1-D polyno-
mial fit of the inflection points as a function of the re-
duced proper motion of the bin to get the linear line.
Stars below the cut (blue points) are hence identified as
probable white dwarfs.
To demonstrate the efficiency of the RPM diagram in
identifying white dwarfs in Set A, we plot the distri-
bution of the RPM-selected white dwarfs in the CMD
(bottom-left panel in Figure 2). The diagram shows that
the overwhelming majority of RPM-selected objects are
in the expected locus of white dwarfs, in the bottom-left
side of the plot. We only find a small number of RPM-
selected objects that appear to be either hot subdwarfs,
or metal-poor low-mass stars; all these objects may owe
their low RPM values to unusually large transverse mo-
tions.
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From the CMD distribution, we define an additional
empirical cut between the main sequence and white
dwarfs which is drawn as a red-dashed line, using the
same method to get the empirical cut in the RPM dia-
gram, which follows the linear equation:
[MG]lim = 4.727(GBP −GRP ) + 6.953 (7)
This additional restriction eliminates a small fraction
of candidates in Set A; these stars are most likely to be
either hot subdwarfs (sdO/sdB) or metal-poor low-mass
stars.
Set B, on the other hand, contains stars with less ac-
curate photometric and astrometric data, compared to
Set A. The empirical lines defined with the stars from
Set A eliminate a much larger number of stars in Set B.
On close examination, the RPM diagram of Set B (top-
right panel in Figure 2) shows a large number of stars
that are distributed horizontally along HG ∼ 18 − 19,
with a significant vertical scatter. That is because Set
B is dominated by faint high proper motion stars whose
parallaxes tend to be less reliable, and these tend to be
found at the bottom of the RPM diagram. There is no
clear boundary between halo stars and white dwarfs in
the RPM diagram for Set B, which suggest significant
contamination from main-sequence low-mass stars, very
close to the red-dashed line. This low-mass star contam-
ination is in fact easy to identify in the CMD for Set B
(bottom-right panel in Figure 2); We see a locus on the
bottom left which appears to be the spreading white
dwarf sequence, but we also see another distinct clump
above the white dwarf sequence, closer to the red-dashed
line. Stars in this clump are most likely low-mass stars
with high transverse velocities but bad parallax mea-
surements. Our additional cut in the CMD thus has the
advantage of eliminating a large number of these con-
taminants, leaving a larger fraction of true white dwarfs
in the subset. However, this also indicates that set B
may still suffer from some level of contamination, which
will have to be taken into account.
Our initial samples of white dwarf candidates from
Sets A and B are shown as yellow points in the CMD,
and the number of stars are 17,692 and 16,908, respec-
tively. These constitute our starting samples for identi-
fying local halo white dwarfs (see §3 below).
2.5. Identification of White Dwarfs with No
Gaia Parallaxes (Set C)
Figure 3 shows the RPM diagram for the stars in Set
C, the subset of stars with no Gaia parallaxes but with
reliable proper motions. Blue points are primary white
dwarf candidates selected by using the empirical cuts
in the RPM diagram that were defined for Set A. The
Figure 3. RPM diagram for Set C. We used the same em-
pirical color-RPM cut defined from Figure 2 to select white
dwarf candidates (blue points).
number of white dwarf candidates (blue points) is 4,368,
however, our experience from Set B (see above) suggests
that a significant fraction of these may be main-sequence
stars contaminants. Indeed, a substantial fraction of the
candidates are close to the selection line, and are most
likely to be main-sequence stars. These stars have very
large reduced proper motions in any case, and are most
probably members of the halo population. The surest
way to confirm whether or not they are actual white
dwarfs is to verify that these objects have colors consis-
tent with white dwarfs (and not main sequence stars)
in other photometric surveys. In Section §3.4 below, we
will describe how this can be done for stars in Set C,
using their proper motion values and additional photo-
metric information from PanSTARRS Data Release 1.
2.6. Collecting Additional Photometric Data from
PanSTARRS DR1
To better characterize and vet our white dwarf
candidates, we collected photometric information
in PanSTARRS DR1 in order to get their gPS −
rPS and rPS − iPS colors. The purpose of collecting
PanSTARRS data was to verify the consistency of our
white dwarf candidates in the (gPS − rPS, rPS − iPS)
color-color diagram, which does not rely on Gaia par-
allaxes or kinematics. From this test, we expect to
independently confirm the reliability of our comprehen-
sive search for white dwarf candidates in Gaia DR2.
The Gaia DR2 Archive tentatively provides vari-
ous cross-match results with external catalogs (Mar-
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Figure 4. A comparison of PanSTARRS rPS − iPS color
with GBP − GRP for white dwarf candidates from Sets A and
B. Red line represents the best polynomial fit to the data
in Set A; This relationship is only applicable in the rPS −
iPS color range −0.5 ≤ rPS − iPS ≤ 0.5. Set B clearly shows
more scatter (σ = 0.30524) in the relationship, consistent
with larger measurement errors in GBP − GRP.
rese et al. 2018)2, including a cross-match with
PanSTARRS DR1. There are three sets one can po-
tentially use: best-neighbor, good-neighborhood, and
original valid catalogs. Although it is easier to get
best-match results from the best-neighbor catalog, there
is a possibility that this catalog accidentally missed
many of our local halo stars. This is mostly because
2 https://gea.esac.esa.int/archive/
those stars are hard to track due to their high proper
motions. Therefore, we need to develop a new cross-
match algorithm to recover the missing counterparts for
the high proper motion objects.
We therefore conducted our own cross-match of
PanSTARRS DR1 to our full set of high proper mo-
tion stars from Gaia DR2 using a Bayesian method
(Medan & Le´pine, in preparation). In this analy-
sis, the motion corrected position and brightness of
a Gaia source is compared to the positions and bright-
nesses of the PanSTARRS sources within 30 arcseconds,
such that 2D distributions of magnitude difference (be-
tween Gaia and PanSTARRS DR1) vs. angular separa-
tion are formed for various cuts of Galactic latitude and
Gaia G magnitude. To determine Bayesian probabilities
for true matches with our catalog, representative local
distributions of field stars are created by displacing the
Gaia sample by ±2 arcminutes (depending if the source
is in the northern or southern hemisphere), to create 2D
distributions representative of random field stars where,
due to the small shift in declination, the stellar density
of field stars is statistically comparable to that of the
true catalog that is being searched (Le´pine, & Bongiorno
2007). Using the distributions from our cross match and
those for random field stars, Bayesian probabilities for
PanSTARRS DR1 sources that are a match to our high
proper motion Gaia catalog objects were calculated.
The sample we kept for this study consists of possible
counterparts with a Bayesian probability > 95%; we
find that the number of matches is significantly larger
than the number of matches provided by the internal
Gaia cross-matches. As a final precaution, we filtered
the sample by gri filter saturation limits (see Table 1),
and also got rid of stars with unreliable error values in
gri magnitudes (σgri < 9999). Consequently, we recov-
ered counterparts to 674,619 stars in Set A, 311,891 stars
in Set B, 28,009 stars in Set C, and 8,172 stars in Set
D, all of which now have reliable PanSTARRS colors.
To verify the reliability of Gaia colors, we exam-
ine the correlation between GBP − GRP color and
PanSTARRS rPS − iPS; results are shown in Fig-
ure 4. The top and bottom panels show white dwarf
candidates from Sets A and B, respectively. Over-
all, PanSTARRS colors have tight correlations with
Gaia GBP − GRP, and a relationship can be derived
from a polynomial fit in the white dwarf color range.
Stars in Set B have larger flux errors in Gaia BP and
RP filters, and thus show more dispersion (σ = 0.30524)
in the relationship compared to that in Set A (σ =
0.21898). We defined the best fitting relationship be-
tween rPS − iPS color and GBP − GRP color in the
white dwarf color range using stars in Set A (red line).
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These relationships are only applicable for stars in cer-
tain rPS − iPS color range: −0.5 ≤ rPS − iPS ≤ 0.5.
3. RESULTS AND DISCUSSION
3.1. Selection of Halo White Dwarf Candidates from
Sets A and B
The spatial velocity of a star in the solar neighbor-
hood can be used to distinguish halo stars from the disk
population. Bensby et al. (2014) suggested that the
halo population is dominated by stars with total spa-
tial velocities, Vtot ≡
√
U2 + V 2 +W 2 > 200 km s−1,
which normally requires one to know the full 3-D space
motion of a star, from combined proper motion, par-
allax, and radial velocity measurements. A more flexi-
ble standard (Gaia Collaboration et al. 2018a) is to use
transverse velocity alone, and assume that a star with
vT > 200 km s
−1 is a likely member of the local halo
population; this criterion does not require one to know
the star’s radial velocity.
Although we do have radial velocity measurements for
some of our stars, we adopt a transverse-velocity only
criterion to identify halo members in our entire sam-
ple. However, our particular sky selection allows us to
make a somewhat more reliable selection of halo stars.
As explained in §2.2, transverse velocities in the (r, s)
coordinate system can be interpreted as representing V‖
on the one hand (for the component of motion along the
alternative sky coordinate “s”), and a combination of U
and W on the other hand (for the component of motion
along the alternate sky coordinate “r”):
V⊥ ≈ Usin(r) +Wcos(r)
V‖ ≈ V
(8)
This is useful because it is the V component that is the
best diagnostic to tell if a star is a member of the disk or
halo, as it directly relates to the asymmetric drift, which
is the principal characteristic of the halo population.
Top panels in Figure 5 show the kinematic distribu-
tions of white dwarf candidates, selected from Sets A
and B in the projected (V⊥, V‖) plane. Gray points in
the inner circle are white dwarf candidates with slow
transverse velocities, vT > 200 km s
−1, which are most
likely members of the disk population. Filled circles are
the halo white dwarf candidates with high-transverse
motions, vT > 200 km s
−1. We identify 249 stars in Set
A and 865 stars in Set B that meet this criterion. There
are 137 stars in Set A and 447 stars in Set B that have
velocities V‖ > −220 km s−1, which can be interpreted
as having counter-rotating orbits in the Galaxy relative
to the local disk population.
This possible contamination raises questions about
confidence levels from this selection. To answer this, we
ran simulations where we propagated random errors on
the observed parameters of each of our candidate halo
white dwarf. We created possible observed values of the
reduced proper motion, absolute G magnitude, and total
transverse velocity of each individual halo white dwarf
candidates using a random number generator from the
normal distribution, assuming each value observed from
Gaia to be the mean value and each reported error to
be the variance. We then evaluated for each simulated
set whether of not the star would pass all selection cuts
(RPM-color, MG-color, and vT cuts) we defined above.
If the star passed all three cuts then we assign ‘1’, other-
wise we assigned ‘0’. We ran 10,000 simulations for each
stars and from this calculated the likelihood of the star
to pass the halo selection. and reject stars with likeli-
hood ≤ 50% from the candidate list (gray filled-circles
in Figure 5). As a result, 218 stars in Set A and 301
stars in Set B remained as halo white dwarf candidates,
and these are shown as red-filled circles in Figure 5. All
likelihood values expressed in percentages are listed in
Table 3-6; we recommend checking these likelihood val-
ues before pursuing any further studies about the can-
didates.
A search of the astronomical literature determines
that 74 white dwarf candidates from Set A and 39 white
dwarf candidates from Set B were previously reported
in various studies, including the halo white dwarf search
by Oppenheimer et al. (2001), identifications of white
dwarfs in SDSS DR7 (Eisenstein et al. 2006; Kleinman
et al. 2013), in SDSS DR10 (Kepler et al. 2015), and
halo white dwarf searches by Kilic et al. (2019). Pre-
viously known white dwarfs are plotted in Figure 5 as
black-open squares. Interestingly, nine objects in Set
A and B in total, shown as black-filled squares, were
previously reported to be either brown dwarfs (Zhang
2019), hot subdwarfs (Feige 1958; Green et al. 1986),
low-mass star or binaries (West et al. 2011), or WD+M
binaries (Eisenstein et al. 2006; Li et al. 2014; Rebassa-
Mansergas et al. 2016). Those are also included in the
catalog, and flagged appropriately.
The bottom panels in Figure 5 show the distribution
of the candidates from each set in the CMD, where both
disk and halo stars are labeled as in the upper panels.
The general distribution of white dwarf candidates from
set A (gray points) is consistent with the three white
dwarf cooling sequences (A, B, and Q concentrations),
introduced in (Gaia Collaboration et al. 2018a). The
overall distribution from set B is, however, more scat-
tered and shows the dense clump above the white dwarf
cooling sequence, as mentioned in §2.4. We believe most
stars in this clump are contaminating low-mass stars
with bad parallax measurements. This idea is supported
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Figure 5. Top panels: kinematic distributions of the halo white dwarf candidates in Sets A and B in the projected (V⊥, V‖)
transverse velocity plane (see text). The inner circle is centered on the approximate location of the local standard of rest, defined
by the local disk population. Small gray points in the inner circle show the distribution of all white dwarf candidates selected
in the CMD, most of which appear to belong to the Galactic disk population. Large filled circles are white dwarf candidates
with vT > 200 km s
−1; red symbols are candidates with estimated likelihood > 50%, while gray symbols are low-probability
candidates. Black-open squares are white dwarfs that have been confirmed spectroscopically in previous studies (see Tables 3
and 4), and black-filled squares are objects known to be hot subdwarfs or WD+M binaries. Bottom panels: CMDs of the white
dwarf candidates in both sets, showing the high-probability halo white dwarf candidates (red) falling near the expected white
dwarf locus.
by the fact that all low-likelihood candidates (gray-filled
circles) are distributed in the upper clump.
The top panel in Figure 6 shows the likelihood distri-
bution of white dwarf candidates with high-transverse
velocities in Set A. The red histogram is the total distri-
bution, while the blue histogram shows the distribution
of candidates with more precise parallax measurements
(σpi/pi < 0.20). This shows that the largest uncertainty
of selecting halo candidates is coming from Gaia paral-
lax measurements.
If we exclude stars with large errors and plot only
stars with the most reliable astrometric measurements
in the CMD (the bottom panel in Figure 6), most of
the contaminating populations are gone, and most can-
didates are distributed along the normal white dwarf se-
quences. Lines in the CMD show the cooling sequences
of 0.3M (gray line) and 0.6M (red line) white dwarfs
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Figure 6. Top: Likelihood distribution of stars with high-
transverse velocities in Set A. Red-filled histogram shows the
likelihood distribution of halo white dwarf candidates, and
blue histogram represents the distribution of the candidates
with more precise Gaia parallax measurements. Bottom:
CMD for the white dwarf candidates in Set A having accu-
rate parallax measurements. The gray and red lines show the
theoretical 0.3M and 0.6M hydrogen white dwarf cooling
sequences.
for pure hydrogen atmospheres (Holberg & Bergeron
2006; Kowalski & Saumon 2006; Tremblay et al. 2011;
Bergeron et al. 2011)3. Most candidates in Set A follow
the 0.6M cooling sequence, but about 10% of candi-
dates are in better agreement with the low-mass white
dwarf cooling sequence, raising the possibility that these
may be old, low-mass white dwarfs which are expected
to appear more luminous due to their large radii. How-
3 https://www.astro.umontreal.ca/∼bergeron/CoolingModels/
ever, these stars would be more likely to be in interact-
ing binary systems because it is not possible yet to form
such low-mass white dwarf through single-star evolution.
Current stellar evolutionary theory predicts that a low-
mass white dwarfs with a mass less than ∼ 0.45M
cannot be formed by the single-star evolution channel,
but is most likely the result of a mass transfer event
from the companion (Bergeron et al. 1992; Kilic et al.
2007; Pelisoli & Vos 2019).
In all likelihood, the few overluminous white dwarfs
which still remain in the diagram are binary systems.
Assuming a binary system composed of two white dwarfs
of similar masses, it would only be overluminous by 0.7
magnitudes, which is not enough to explain many of
our candidates in the diagram. However, the apparent
overluminosity can be explained if the object is a WD
+ low-mass star (K or M dwarf) binary system which
should be moderately brighter but also significantly red-
der due to its low-mass companion star.
3.2. Selection of Local Halo WD Candidates in Set B
from Photometric Distances
One concern from the likelihood analysis in §3.1 is that
the candidates in Set B may still include some contam-
inants due to their large astrometric errors. Although
one might consider that having a parallax measurement
is always an improvement over only having a photomet-
ric distance estimate, this is merely true only if paral-
laxes are measured in sufficiently high precision. In Set
B, more than 94% of stars with high-transverse velocities
have such high fractional parallax errors (σpi/pi > 0.20).
As an alternative to clearing Set B of contaminants,
we generate the kinematic plot using photometric dis-
tances. Assuming our candidates are 0.6M white
dwarfs with pure hydrogen atmospheres, we infer their
absolute magnitudes from their GBP −GRP color, based
on the the cooling sequence of Bergeron et al. (2011).
Due to the dramatic changes at the blue and red ends of
the cooling sequence, we only use candidates within the
color range −0.45 ≤ GBP − GRP ≤ 1.60; this includes
the vast majority (∼ 95%) of candidates, with only 14
very blue/red stars excluded from the process.
The top panel in Figure 7 shows the result in the
kinematic plane, for the motions based on photomet-
ric distances. The plot is similar to that in Figure 5,
but only shows the stars in Set B that were selected
as likely (> 50%) halo white dwarf candidates from
their parallax-calculated space motions. If we now use
the photometric-calculated space motions, we find that
51.0% of the stars (146 objects) now have kinematics
more consistent with the disk. The rest of the stars
(141 objects), on the other hand, still have kinematics
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Figure 7. Top: kinematic distribution of local halo white
dwarf candidates in Set B with alternate values of calcu-
lated transverse velocities in r and s directions based on
their photometric distance. Red crosses are initial halo can-
didates now found to be low-transverse velocity stars with
this test. Purple-filled circles (141 stars) are stars that are
again found to have transverse velocities higher than 200 km
s−1. Black-open circles are halo candidates with precise par-
allaxes (σpi/pi ≤ 0.20). Bottom: CMD of the revised subset
of halo white dwarf candidates selected from the diagram
above. Black-solid line shows the white dwarf cooling se-
quence we applied for calculating photometric distances to
the candidates. The revised subset, though much smaller,
shows a distribution in the CMD that is more consistent
with the expected white dwarf locus, compared with the dis-
tribution in the bottom panel of Figure 5.
consistent with the halo. The bottom panel in Figure 7
shows the CMD of the 141 reconfirmed halo candidates,
shown as purple-filled circles. Gray points are the full
set of white dwarf candidates selected from the CMD
in Figure 2, including the stars now rejected as being
non-halo white dwarf candidates based on their photo-
metric distance estimates. Black-open circles are halo
candidates with precise parallaxes (σpi/pi ≤ 0.20). Most
our remaining halo white dwarf candidates appear to fol-
low the theoretical 0.6M white dwarf cooling sequence,
shown as a black-solid line.
3.3. Confirmation of Candidates from Sets A and B
using PanSTARRS DR1 colors
Upper panels in Figure 8 show RPM diagrams of stars
in Sets A and B, this time using the rPS − iPS color
from PanSTARRS with the reduced proper motion Hr.
Gray points represent all stars in Sets A and B with
PanSTARRS counterparts. These RPM diagrams show
clear segregation between main-sequence stars and white
dwarfs, which allows us to define a clean empirical bor-
der, shown as a black-dashed line, which is the analog
of the separation line we defined in Figure 5:
[HrPS ]lim = 12.45(rPS − iPS) + 15.31
(−0.5 ≤ rPS − iPS ≤ 0.5)
(9)
To define this limit, we converted the relationship be-
tween the reduced proper motion as a function of Gaia G
magnitude and GBP − GRP, using the color conversion
between GBP − GRP color and rPS − iPS color defined
in §2.6. In the diagrams, we identify a star in Set A
and 18 stars in Set B, shown as black-filled circles, iden-
tified as white dwarf candidates in our initial selection,
but now revealed in PanSTARRS to have redder colors,
consistent with the main-sequence population.
Stars to the blue of the black-dashed line are however
confirmed to be white dwarf candidates, and are plotted
in red-filled circles in Figure 8; these consist of 98 stars
from Set A, and 130 stars from Set B. These stars line up
along a distinctive locus consistent with a down-shifted
(i.e. high velocity) white dwarf cooling sequence. As in
Figure 5, we plot white dwarfs and binaries confirmed
in previous studies as black-open/filled squares. A red-
dashed line is defined by parallel shift of a linear fit of
the standard white dwarf sequence in the CMD, and the
magnitude of the shift is set by the distribution of our
candidates in Set A so that more stars with likelihood
> 70% fall below the line:
[HrPS ]lim = 5.56(rPS − iPS) + 19.98 (10)
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Figure 8. Top panels: reduced proper motion diagrams of stars in Set A and B as a function of rPS − iPS color. Each symbols
in this diagram mean the same definitions in Figure 5 (see legend). The black-dashed line is the converted-empirical cut based
on the same cut we defined in §2.4 in Gaia color. Black-filled circles in the diagram for Set B indicate stars having redder
colors with respect to the black-dashed line, which means they are probably not white dwarfs. The red-dashed line indicates
the boundary between normal white dwarfs and local halo white dwarfs defined by shifting a linear fit of the white dwarf
sequence in the RPM diagram (see text). Error bars show errors in reduced proper motion and rPS − iPS color. Bottom panels:
gPS − rPS color distribution of stars as a function of rPS − iPS color. Black lines show the cooling sequences of white dwarfs
for pure hydrogen atmospheres: 0.3M (dashed line), 0.6M (solid line), 1.0M (dash-dotted line). Error bars indicate errors
in gPS − rPSand rPS − iPS color.
This line will guide our selection of halo white dwarf
candidates in Sets C and D in § 3.4 and § 3.5.
The lower panels in Figure 8 examine the distribution
of the candidates in the (gPS − rPS, rPS − iPS) color-
color plane with white dwarf cooling sequences (dashed
line: 0.3M and solid line: 0.6M) drawn to further
validate the classification of our candidates. As white
dwarfs are known to be a hot and blue population, they
usually present at the top-left side of the stellar locus
in this color-color diagram (Eisenstein et al. 2006; Gir-
ven et al. 2011). As expected, the candidates from Set
A show a concentrated distribution at the top-left, and
are well-aligned with the expected white dwarf sequence.
Stars from Set B as expected show a more dispersed dis-
tribution, but the white dwarf candidates still follow the
expected white dwarf locus; they also extend somewhat
further to the red, which suggests that objects from Set
B include cooler white dwarfs on average.
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In color-color space, stars from Set B, excluded from
the white dwarf selection in the RPM diagram (black
dots in the top-right panel of Figure 8), mostly fall on
the expected locus of main-sequence stars of K-type and
early M-type, consistent with our suggestion that they
are low-mass stars of the local halo. We found a star
among these black dots located in between white dwarfs
and giants in the diagram, which implies that it is a
binary system with a M-dwarf companion (Smolcˇic´ et
al. 2004). We list our final halo white dwarf candidates
from Sets A (217 stars) and B (283 stars) in Tables 3
and 4, which include Gaia astrometric and photometric
measurements and PanSTARRS photometric measure-
ments for each one. The description of each column is
provided in Table 2.
In principle, stars below the red-dashed line in the
RPM diagram in Figure 8 have the highest likelihood of
being local halo white dwarfs, and this line can be used
to select halo white dwarfs based on color and reduced
proper motion alone, which would be particularly use-
ful for subsets of stars that have no reliable parallaxes.
However, we still clearly see a few gray points below the
red line, which are stars we excluded from the initial
halo selection. A selection based on reduced proper mo-
tion alone may thus still be significantly contaminated
with thick-disk white dwarfs; this will be an important
caveat of our attempt to select halo white dwarfs from
Sets C and D.
3.4. Selection of Halo White dwarf Candidates from
Set C via PanSTARRS Photometry
We were able to collect PanSTARRS photometry for
28,009 stars in Set C (stars without Gaia parallaxes).
Among them, 2,571 stars meet the Gaia RPM diagram
selection cut for white dwarfs defined in § 2.5. The
top panel in Figure 9 shows the RPM diagram for stars
in Set C, based on PanSTARRS photometric measure-
ments. We reproduce in this diagram the two selec-
tion lines defined in Figure 8 for Sets A and B: the
black-dashed line separating white dwarfs and main-
sequence stars, and the red-dashed line selecting the
halo white dwarfs. It is clear that Set C shows mas-
sive contamination from main-sequence stars. They are
mostly low-mass stars from the clump near the red-
dashed line in the Gaia RPM diagram (see Figure 3).
Most of these contaminants (black-filled circles) can now
be excluded. The remaining 100 stars located below
the black-dashed line can still be considered white dwarf
candidates (yellow-filled circles), and 20 of them, shown
as blue-filled circles, are located below the red-dashed
line, identifying them as possible halo white dwarfs.
Figure 9. Top: RPM diagram build from Gaia proper mo-
tion and PanSTARRS photometry, for stars in Set C. Stars
selected from Figure 3 are overlaid on the distribution, and
each symbol separately denotes stars excluded from the se-
lection (black-filled circles) 80 normal white dwarfs (yellow-
filled circles), and 20 halo white dwarf candidates (blue-filled
circles). Error bars show errors in reduced proper motion
and rPS − iPS color. Bottom: gPS − rPS color distribution
as a function of rPS − iPS color. Each lines are the cooling
sequences of white dwarfs for pure hydrogen atmospheres:
0.3M (dashed line) and 0.6M (solid line). Error bars in-
dicate errors in gPS − rPSand rPS − iPS colors.
The distribution of Set C stars in the color-color plane
is shown in the bottom panel in Figure 9. As expected,
stars identified in the RPM diagram as main-sequence
stars (black-filled circles) have redder colors than nor-
mally expected for white dwarfs, and consistent with K
531 Halo White Dwarf Candidates from Gaia DR2 15
or early M dwarfs. On the other hand, the stars identi-
fied as white dwarfs based on their RPM diagram distri-
bution form a sequence consistent with the white dwarf
locus, and similar to that seen in Figure 8 for the white
dwarf candidates from Sets A and B.
We run the likelihood test for these 100 white
dwarf candidates using the same methods described
in §3.1. There are three conditions used for the se-
lection: the RPM-Gaia color cut (Equation 6), the
RPM-PanSTARRS cut (Equation 9), and the RPM-
PanSTARRS cut for halo white dwarf candidates (Equa-
tion 10). The likelihood of being white dwarfs or of
being halo white dwarfs is decided by whether a star
passes the first two, or all three conditions. We confirm
that 20 stars below the red-dashed line have likelihood
> 50%, making them reasonably likely to be local halo
white dwarfs. In Table 5, we provide the list of 20 stars
with their likelihoods. In addition, we provide informa-
tion for the remaining 80 candidates as a reference, and
because they might include objects of interest.
3.5. Tentative Identification of Halo White Dwarfs
with no Gaia GBP − GRP Colors (Set D)
Finally, we revisit Set D, which comprises all stars
with some astrometric data from Gaia but no GBP −
GRP colors. Stars in Set D all have proper motions
from Gaia , and most also have parallaxes and/or G
magnitudes. Our cross-match method identifies coun-
terparts for 8,172 of these stars in PanSTARRS , which
allows us to use PanSTARRS photometric data, instead
of Gaia GBP − GRP colors. We repeat the analysis we
did for set C to find possible white dwarf candidates from
the RPM diagram and color-color diagram. Figure 10
shows the RPM diagram (top panel) and color-color di-
agram (bottom panel) for all stars in Set D. Applying
the same cut, we identify 123 white dwarf candidates
(colored symbols), of which 11 (blue symbols) met the
requirement to be identified as halo white dwarfs.
The RPM diagram for Set D shows a clean separation
between the white dwarf and main-sequence loci, similar
to that seen for Set A, and it is easy to be convinced that
all stars to the left of the dashed line are very likely all
white dwarfs. This impression is corroborated by their
distribution in the color-color diagram, which has all
the stars falling neatly along the expected white dwarf
sequence.
While most candidates fall onto the cooling sequence
of 0.6M (solid line) white dwarf in the color-color di-
agram, some candidates appear to be unusually red in
gPS − rPS colors, but blue in rPS − iPS. Harris et al.
(2003) and Kilic et al. (2006) reported prominent out-
liers in SDSS (g − r, r − i) color-color plane in SDSS,
Figure 10. Top: same RPM diagram as Figure 10, but
for stars in Set D. Bottom: same color-color diagram as
Figure 10, but for stars in Set D.
many of which were classified as DC white dwarfs with-
out significant spectral features. They suggested that
white dwarfs at cooler temperatures (below 4,000K) are
under collision-induced absorption (CIA) due to molec-
ular hydrogen H2 which depresses flux in iPS band and
makes bluer rPS − iPS color.
In Table 6, we claim 123 white dwarf candidates in
Set D, and 11 of them identified as halo white dwarf
candidates with likelihood > 50%. Likelihood values of
being white dwarfs or of being halo white dwarfs are pro-
vided as well. Note that only nine stars among our local
halo candidates are shown in the top panel in Figure 10,
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Figure 11. CMD for stars in Set D. Yellow points are white
dwarf candidates selected from the RPM diagram, and lo-
cal halo white dwarf candidates are shown as blue points.
Overplotted black-open boxes represent known white dwarfs,
identified from various studies (see Table 6). Error bars in-
dicate errors in absolute magnitude and rPS − iPS color.
the remaining two stars have extremely blue colors and
fall outside the bounds of the plot. This table also in-
cludes, for reference, 28 known stars from Set D iden-
tified in various studies including white dwarf catalogs
from SDSS DR7 (Debes et al. 2011; Girven et al. 2011;
Kleinman et al. 2013), SDSS DR10 and DR12 (Kepler
et al. 2015; Koester & Kepler 2015), and LAMOST DR2
(Guo et al. 2015).
Although Set D is a collection of stars which don’t
have Gaia colors, Gaia DR2 provides parallaxes for
96% of them. Thus, we can use the CMD in order to
check the validity of our selection (Figure 11). We use
rPS − iPS color and an absolute magnitude obtained
from rPS magnitude and the Gaia parallax. The distri-
bution shows both a clear main-sequence and a white
dwarf cooling sequence, cleaner than the CMD of stars
in Set B, which suggests that the Gaia astrometry is
useful and reliable, and that Set D is a better subset
once it is complemented with external photometric data.
Our white dwarf candidates are shown as yellow points,
and local halo white dwarf candidates are shown as blue
points. Black-open boxes show previously known white
dwarfs, which mostly fall along the bright-end of white
dwarf sequence. While our candidates mostly follow
the white dwarf cooling sequence, a few candidates with
relatively small error bars in absolute magnitudes and
rPS − iPS colors appear very luminous, which implies
that these stars might be unresolved WD+M binaries,
or hot subdwarfs.
4. SUMMARY AND CONCLUSIONS
With Gaia DR2 we are now having a fresh opportunity
to expand the census of local stars of relatively low lu-
minosity, which notably includes the white dwarfs. Ex-
panding the identification and characterization of low-
mass stars and white dwarfs of the Galactic halo popu-
lation, in particular, will fuel further investigations into
the star formation history of the local Galactic halo pop-
ulations, and with greater detail. As one of these first
steps, we have identified all white dwarf candidates with
large apparent transverse motions (vT > 200 km s
−1) in
Gaia DR2 in an area covering 17.3% of the sky, based
on their kinematics. As a result, we have identified 531
white dwarfs that are likely to be the remnants of low-
mass stars in the local Galactic halo.
Our candidates were selected from a band with 20◦
width running across both Galactic poles and Galactic
center and anti-center, to facilitate the proper motion
selection of objects with large asymmetric drift relative
to the local standard of rest. We used Gaia parallaxes,
proper motions and G magnitudes, and selected stars
using a combination of RPM diagram, CMD, and trans-
verse velocities. We divided selected stars into four sub-
sets depending on the quality of their Gaia data: clean
subset (A), unclean subset with parallaxes (B), unclean
subset without Gaia parallaxes (C), and unclean subset
without Gaia colors (D). Since Sets A and B contain
parallax measurements, we select halo white dwarf can-
didates from the projected (V⊥, V‖) kinematic plane.
Our candidates are cross-matched with PanSTARRS to
obtain more detailed photometric data, not only to bet-
ter select white dwarf candidates from Sets C and D, but
also to confirm our results independently of Gaia pho-
tometry. In the case of Sets C and D, we select white
dwarf candidates from the RPM diagram as a function
of PanSTARRS rPS − iPS color on the basis of an empir-
ical cut defined in the RPM diagram of halo white dwarf
candidates from Set A. Although we do not have griz
magnitudes for all our stars, because PanSTARRS DR1
does not cover our entire sample, the color-color distri-
butions of all subsets in the (gPS − rPS, rPS − iPS) plane
confirms that our candidates are mostly white dwarfs,
with only minimal contamination from low-mass main-
sequence stars (which are probably also halo members).
To confirm the white dwarf status of our candidates
and weed out contaminants, we will ultimately need to
collect spectra and do a formal spectroscopic classifica-
tion. In addition, measuring radial velocities of these
objects is required to confirm their kinematic member-
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ship (are they actually halo members?) and integrate
their Galactic orbit. A full spectroscopic analysis of the
subset identified in this paper could also provide masses
and cooling ages, which would in turn further constrain
the age of the Galactic halo.
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Table 1. Assumed Satura-
tion and Detection Limits of
PanSTARRS Filters
Bright End Faint End
Filter (mag) (mag)
g 14.5 22.5
r 15.0 22.0
i 15.0 21.0
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Table 2. Column Description Provided in Tables
Header Description
source id Gaia DR2 unique source identifier
RA Right ascension in J2015.5 (deg)
Dec Declination in J2015.5 (deg)
pi Gaia DR2 parallax (mas)
σpi Gaia DR2 standard error of parallax (mas)
µα Gaia proper motion in right ascension direction (mas yr−1)
µδ Gaia proper motion in declination direction (mas yr
−1)
G Gaia G-band mean magnitude (mag)
GBP − GRP Gaia BP - RP color (mag)
PS1 id PanSTARRS DR1 identifier
rPS PanSTARRS r-band magnitude (mag)
gPS − rPS PanSTARRS gPS − rPS color (mag)
rPS − iPS PanSTARRS rPS − iPS color (mag)
vT, r Transverse velocity in r direction from Gaia parallax (km s
−1)
vT, s Transverse velocity in s direction from Gaia parallax (km s
−1)
vT, tot Total transverse velocity from Gaia parallax (km s
−1)
Phot Dist Photometric distance for Set B only (pc)
vT, phot Total transverse velocity from photometric distance for Set B only (km s
−1)
WD Likelihood Confidence level to pass the white dwarf selection (%)
Halo WD Likelihood Confidence level to pass the the halo white dwarf selection expressed (%)
Halo Status Halo status of white dwarf candidates for Sets C and D onlya
Spec Type Spectral type of a known white dwarf given in the SIMBAD database
Ref. References
a : Halo white dwarf candidates with likelihood > 50%
Table 3. High-velocity White Dwarf Candidates in Set A
RA Dec pi σpi rPS vT, tot Halo WD
source id (deg) (deg) (mas) (mas) PS1 ID (mag) (km s−1) Likelihood (%) Spec Type Ref.
2313554227856823296 0.535536 -32.6280206 0.82 0.46 · · · · · · 264.3 52.14 · · · · · ·
2313582750735435776 0.6362011 -32.1969737 5.131 0.124 · · · · · · 258.7 100.0 DA2 6, 8, 29
2314458438731730304 0.8042194 -31.5123699 0.864 0.898 · · · · · · 227.89 50.04 DA 11
2319735617804258176 1.7831581 -31.227056 7.721 0.11 · · · · · · 229.74 100.0 DB3 4, 6, 13, 29
4995158325163347712 3.4196121 -42.3757786 1.829 0.299 · · · · · · 222.22 72.76 · · · · · ·
. . . . . . . . . . . . . . . . . . . . . . . . . . .
2314173669516064640 358.6482487 -32.355649 9.131 0.137 · · · · · · 229.32 100.0 WD 6, 9, 29
References—1. Feige (1958); 2. Eggen, & Greenstein (1965); 3. Greenstein (1976); 4. Eggen & Bessell (1978); 5. Green et al. (1986); 6. McCook,
& Sion (1999); 7. Croom et al. (2001); 8. Koester et al. (2001); 9. Oppenheimer et al. (2001); 10. Le´pine et al. (2003); 11. Croom et al. (2004);
12. Kleinman et al. (2004); 13. Salim et al. (2004); 14. Carollo et al. (2006); 15. Eisenstein et al. (2006); 16. Harris et al. (2006); 17. Kilic et al.
(2006); 18. Pauli et al. (2006); 19. Kawka & Vennes (2009); 20. Kilic et al. (2010); 21. Girven et al. (2011); 22. Brown et al. (2012); 23. Kleinman
et al. (2013); 24. Li et al. (2014); 25. Kepler et al. (2015); 26. Limoges et al. (2015); 27. Kepler et al. (2016); 28. Leggett et al. (2018); 29. Kilic
et al. (2019); 30. Kawka et al. (2020)
Note—Table 3 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.
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Table 4. High-velocity White Dwarf Candidates in Set B
RA Dec pi σpi rPS vT, tot Halo WD
source id (deg) (deg) (mas) (mas) PS1 ID (mag) (km s−1) Likelihood (%) Spec Type Ref.
2336547386815432960 0.4013693 -24.9199278 0.963 0.637 78090004012856447 19.966 228.35 57.66 · · · · · ·
2332903880159372672 0.4568686 -29.4269526 1.559 1.767 · · · · · · 514.01 56.85 · · · · · ·
2417396645764338688 0.8341101 -15.153369 5.562 1.282 89810008340536470 20.562 223.08 66.71 · · · · · ·
4976547514607879808 1.6097728 -50.158799 1.021 0.781 · · · · · · 287.79 57.97 · · · · · ·
2417119358380854656 2.8410856 -14.4837046 1.633 0.654 · · · · · · 292.01 78.09 · · · · · ·
. . . . . . . . . . . . . . . . . . . . . . . .
2326873849154764416 359.4225687 -29.8951177 1.078 1.149 72123594225446228 20.458 261.06 50.41 · · · · · ·
References— 1. McCook, & Sion (1999); 2. Croom et al. (2001); 3. Vennes et al. (2002); 4. Le´pine et al. (2003); 5. Croom et al. (2004); 6. Kleinman et
al. (2004); 7. Eisenstein et al. (2006); 8. Hall et al. (2008); 9. Girven et al. (2011); 10. West et al. (2011); 11. Carter et al. (2013); 12. Kleinman et al.
(2013); 13. Kepler et al. (2015); 14. Fantin et al. (2017); 15. Kilic et al. (2019); 16. Zhang (2019)
Note—Table 4 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.
Table 5. White Dwarf Candidates in Set C
RA Dec rPS WD Halo WD
source id (deg) (deg) PS1 ID (mag) Likelihood (%) Likelihood (%) Spec Type Ref.
2417140047238388864 3.6801333 -14.3027568 90830036799957120 19.544 100.0 0.0 · · · · · ·
2320117629375536512 5.1560428 -29.920615 72090051559605579 20.478 100.0 0.0 · · · · · ·
2349743076832651648 12.5277632 -20.9737167 82830125277821944 19.126 100.0 0.0 · · · · · ·
2355740496149824640 12.918436 -20.8993984 82920129184271074 20.339 100.0 0.01 · · · · · ·
2355806024466166784 14.0156541 -20.6681025 83190140156208650 20.837 100.0 59.57 · · · · · ·
. . . . . . . . . . . . . . . . . . . . . . . . . . .
2339318877674994816 358.0884434 -22.9675101 80433580884319341 20.502 85.71 0.0 · · · · · ·
References—1. Eisenstein et al. (2006); 2. Kleinman et al. (2013)
Note—Table 5 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.
Table 6. White Dwarf Candidates in Set D
RA Dec pi σpi rPS WD Halo WD
source id (deg) (deg) (mas) (mas) PS1 ID (mag) Likelihood (%) Likelihood (%) Spec Type Ref.
2361704045355924352 5.2793135 -21.0576421 4.355 0.222 82730052791791209 15.295 100.0 100.0 · · · · · ·
5041666743597100928 19.655093 -22.9164157 5.461 0.175 80500196549740655 16.453 80.84 0.0 · · · · · ·
2482500275433240832 21.0240977 -4.3160092 1.543 0.713 102820210240741366 20.326 98.09 0.0 · · · · · ·
5121322444019559936 32.8875957 -24.837461 6.226 1.632 78190328874785551 20.631 100.0 2.6 · · · · · ·
5075663260876120064 42.2124742 -26.5199788 5.141 0.97 76170422124306424 20.515 100.0 0.0 · · · · · ·
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1047465080939412608 154.6366483 59.0896157 -0.269 0.68 178901546367758392 18.875 99.98 1.93 · · · · · ·
References—1. McCook, & Sion (1999); 2. Debes et al. (2011); 3. Girven et al. (2011); 4. Kleinman et al. (2013); 5. Guo et al. (2015); 6. Kepler et al. (2015);
7. Koester & Kepler (2015); 8. Limoges et al. (2015); 9. Dame et al. (2016); 10. Kepler et al. (2016)
Note—Table 6 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.
